Objective: To study the regulation of thyroglobulin sulfation by thyrotropin (TSH) and iodide. Sulfation, a widespread post-translational modification of proteins, is involved in various biological activities. Thyroglobulin has been reported to be sulfated but, to date, the role of sulfate residues in the metabolism and function of thyroglobulin is not known; moreover, the regulation of thyroglobulin sulfation has not been yet investigated. Methods: The effect of TSH on thyroglobulin sulfation was studied in porcine thyroid cells cultured on porous collagen-coated filters. Cells cultured with or without TSH and with or without iodide (KI) were incubated for 4 days with radioactive sulfate. The specific radioactivity of thyroglobulin subunit (330 kDa) was determined from apical media analyzed by electrophoresis. Enzymatic hydrolysates of the purified thyroglobulin were separated by oligosaccharide affinity chromatography and thin-layer chromatography; alkaline hydrolysates were analyzed only by thin-layer chromatography. Results: Thyroglobulin secreted by TSH-stimulated cells incorporated about twofold less radioactive sulfate. Iodide slightly modified this incorporation. Enzymatic hydrolysates of purified thyroglobulin showed sulfate residues bound essentially to complex oligosaccharide units. Alkaline hydrolysis was necessary to release all sulfated amino acids (tyrosine and serine). In the absence of TSH the proportion of tyrosine sulfate was dramatically increased: 24% compared with 7% (+KI) or 5% (¹KI). The ratio of specific radioactivity of thyroglobulin to the specific radioactivity of intracellular inorganic sulfate (determined in each culture condition) gave the number of sulfated residues incorporated: 46 (¹TSH) and 31 (+TSH) per mol thyroglobulin. From this distribution, we deduced the number of residues bound to complex oligosaccharide units and to tyrosine. Thus TSH decreased the number of sulfate residues on tyrosine from 11 to 2 per mol thyroglobulin. Conclusions: TSH regulates the binding of sulfate groups to tyrosine residues. Iodide exerts a slight control over this process.
Introduction
Sulfation is a late post-translational modification of proteins taking place in the trans-Golgi apparatus (1) . Protein sulfation occurs in numerous glycoproteins, secreted (for reviews see (2, 3) ) or membrane-inserted (4) . Sulfate residues are present on carbohydrate units (for review see (5) ) and on some amino acids, especially tyrosine (2) (3) (4) . The roles and functions of these sulfate residues differ: they are probably involved in the molecular conformations of proteins and in proteinprotein interactions, and they can have a role in the process of activation-deactivation of protein biological activities, particularly when they are bound to tyrosine molecules (6) (7) (8) (9) . However, the functions of sulfate residues on numerous proteins are not understood, and little has been reported on the regulation of sulfate binding. Protein sulfation is modified in pathological states (10) , transformed cells (11) , or hematopoietic tumor cell lines (12) . Increased carbohydrate sulfation was observed on the bronchial mucins in cystic fibrosis (13) and on leukosialin CD43 in the murine T lymphoma line RDM-4 as compared with resting splenic T cells (14) .
Sulfation of thyroglobulin, the glycoprotein precursor of thyroid hormones, occurs in the protein of groups from lower vertebrates to mammals (15) . Sulfate residues are bound essentially to complex carbohydrate units of calf (16, 17) , human (16, 18) , and porcine (19, 20) thyroglobulin. Chondroitins are also sulfated, but are present only in human thyroglobulin (18) . Contradictory results from studies of porcine thyroglobulin suggested that a large proportion of the sulfate residues are bound to tyrosine molecules, while the rest are linked to polymannose moieties (15, 21) . In thyroid pathological states, alterations of thyroglobulin sulfation have been observed: human thyroglobulin from neoplastic thyroid tissue contained more sulfate residues bound to oligosacharide units (22, 23) .
The role of sulfate residues in the metabolism of thyroglobulin and in its physiological function is not known. Recently, it was shown that, in Pendred syndrome (a congenital sensorineural hearing loss combined with goiter), gene mutations of a putative sulfate transporter occurred (24) . This may suggest a relation between thyroid function and sulfate metabolism.
Until now, the dependence of thyroglobulin sulfation on thyrotropin (TSH) stimulation has not been investigated. We have now studied the regulation of sulfate incorporation into thyroglobulin by TSH and iodide, the proportion of sulfate residues bound to oligosaccharide units and to the polypeptide chain, and the effect of TSH and iodide on this distribution.
The experiments were carried out using thyroglobulin secreted by porcine thyroid cells cultured on porous collagen-coated filters. This culture system operates as 'an open thyroid follicle' in which the polarized organization is maintained as in vivo: nutrients, hormones, and other effectors have direct access to the basolateral membranes, and thyroglobulin is secreted into the apical compartment, corresponding to the colloid. Over many years, we have accumulated extensive data on this culture system, which simulates thyroid metabolism in vivo, up to the stage of secretion of thyroid hormones into the basal medium (unpublished results). We have shown that TSH controlled all the steps of thyroglobulin metabolism that we have studied: thyroglobulin expression and secretion (25) (26) (27) (28) , and two post-translational modifications, glycosylation (29, 30) and iodination (31) .
In this paper, we demonstrate that, in our culture conditions, TSH downregulates thyroglobulin sulfation, particularly on tyrosines, and we propose some hypotheses on the basis of our findings.
Materials and methods

Cell culture
Epithelial cells were isolated from porcine thyroid glands and cultured on collagen-coated filters as described previously (25) . Briefly, isolated cells suspended in phenol red-free Dulbecco's modified Eagle's medium (DMEM containing glucose 1 g/l, Gibco Brl, Cergy Pontoise, France) were seeded into the apical compartment of chambers. The same medium was placed outside the ring in the basal compartment. From day 4, the basal medium was supplemented with 10% newborn calf serum (Biological Industries, Beth Haemek, Israel), when media were changed. On day 6, the tightness of the monolayer was examined (25) and only tight monolayers were kept. From day 6, 100 mU/ml TSH (b-TSH, Calbiochem, San Diego, CA, USA) was added or not to the basal medium. From day 8, potassium iodide was or was not added daily to the basal medium in a 0.5 mmol/l final concentration (31) . As described previously (31) , the apical medium was exchanged for B-DMEM (a saline DMEM medium devoid of amino acids and vitamins). Later, basal medium was changed every 3 days, maintaining the same TSH concentration with or without daily addition of iodide, without changing apical medium. Until day 15, the inorganic sulfate concentration was 0.8 mmol/l in the apical medium, and about 1.2 mmol/l in the basal medium. On day 15, apical and basal media were changed; apical medium included B-DMEM containing 50% MgSO 4 and 50% MgCl 2 ; in the basal medium, MgSO 4 was entirely replaced by MgCl 2 . The final concentration of inorganic sulfate was 0.4 mmol/l in apical media and about 0.4 mmol/l in basal media, in which sulfate was probably contributed by serum, antibiotics, and vitamins. When it was present, the concentration of iodide was 10 mmol/l in apical medium and 0.6 mmol/l in basal medium. Cells were labeled with the radiolabeled precursor sulphur-35 as sulfate, in aqueous solution containing mostly potassium as cation (Amersham Corp., Little Chalfont, England, 1000 Ci/ mmol) at a concentration of 70 mCi/ml basal medium. Culture was maintained for 4 days, because it has been reported that at least 3 days of continuous secretion are required to achieve saturation of thyroglobulin with [ 35 S]sulfate (21) . On day 19, apical media were collected.
Thyroglobulin purification
Apical media from each culture condition were pooled and the different thyroglobulins were purified on a Bio-Gel A-5m (Bio-Rad, Ivry-sur-Seine, France) column (2×70 cm) equilibrated with 0.01 mol/l ammonium bicarbonate buffer, pH 7.4. The fractions containing radiolabeled thyroglobulin were collected, concentrated and kept at ¹20 ЊC until required for further analysis. Protein was evaluated by Micro BCA protein assay (Pierce, Rockford, IL, USA).
Polyacrylamide gel electrophoresis
Aliquots from apical media from each culture condition were denatured and reduced as described previously (29) . Samples were analyzed by SDS-PAGE using a 5% (w/v) polyacrylamide gel according to the technique of Laemmli (32) . Gels were stained with Coomassie blue and dried. Then they were scanned (Macintosh Microtek MSF-300 GS) and analyzed by an image-analyzing program (NIH 1.49) and thyroglobulin was quantitatively determined by integration of peaks through a thyroglobulin standard reference curve included in each analysis.
Enzymatic digestions
A portion of purified radioactive thyroglobulin from each culture condition was dissolved (100 mg/100ml) in a 0.06 mol/l final concentration ammonium bicarbonate buffer, pH 7.9, and the samples were digested for 48 h at 37 ЊC by 20% (w/w) pronase (Boehringer Mannheim, Mannheim, Germany) (treatment A). To release oligosaccharide chains, 0.2 units PNG-ase F from Flavobacterium meningosepticum (Boehringer Mannheim) was added to part of the pronase digests, and incubation carried out for 24 h, with an addition of enzyme after 12 h of incubation (treatment B).
Concurrently, for the study of sulfated amino acids, portions of the pronase and PNG-ase F digests of [ 35 S]sulfate-labeled thyroglobulin (ϳ100 000 d.p.m.) were supplemented with 15 mg serine-O-sulfate (Ser(S); Sigma, St Louis, MO, USA) and 15 mg tyrosine-O-sulfate (Tyr(S)), prepared according to Reitz et al. (33) , and submitted, for 48 h at 37 ЊC, to an extended digestion by 20% (w/w) leucine aminopeptidase (LAP; cytosol type V from porcine kidney, Sigma).
Concanavalin A affinity chromatography
The thyroglobulin glycopeptides obtained after pronase digestion and the oligosaccharide chains released after pronase and subsequent PNG-ase F treatment were desalted on Bio-Gel P2 (Bio-Rad); then they were fractionated on a concanavalin A-sepharose 4B (Pharmacia, Uppsala, Sweden) column as described previously (29) . After the column had been washed with 25 ml equilibrating buffer (ammonium bicarbonate buffer 0.05 mol/l, pH 8.0 containing CaCl 2 (0.001 mol/l), MgCl 2 (0.001 mol/l), and NaCl (0.15 mol/l), it was eluted successively with 25 ml 0.01 mol/l a-methyl-glucoside (Sigma), and 25 ml 0.5 mol/l a-methyl-mannoside (Sigma) dissolved in the same buffer. Aliquots of each fractions were counted and the peaks were pooled and lyophilized.
Alkaline hydrolysis
Purified [ 35 S]sulfate-labeled thyroglobulin (ϳ100mg) from each culture condition was supplemented with Tyr(S) and Ser(S) (15mg) and hydrolyzed with 100 ml 0.2 mol/l sodium hydroxide (34) for 24 h at 110 ЊC in glass vials sealed under a strictly nitrogenous atmosphere. The hydrolysis was stopped by cooling the samples at +4 ЊC.
Cation-exchange chromatography
Small columns of Dowex 50 WX2 (H + form) were prepared as described elsewhere (33) , with minor modifications. The cation-exchange resin was introduced in 1 ml Gilson pipette tips closed with glass wool. The hydrolysates (enzymatic or alkaline) were acidified by an addition of 0.5 mol/l HCOOH, and applied to the column. The non-retained material, containing the majority (85-90%) of the radioactivity applied, corresponded to sulfated amino acids (in these conditions Tyr(S) and Ser(S) were not retained), sulfated carbohydrates and inorganic sulfate. Fractions were collected, dried, and then analyzed by thin-layer chromatography.
Thin-layer chromatography
Thyroglobulin hydrolysates purified on Dowex 50WX2 were applied to silica-coated glass plates (Merck, Nogent-sur-marne, France) and thin-layer chromatography (TLC) was developed over a period of 4 h, by means of an N-butylalcohol (Fluka Chemie, Buchs, Switzerland)-glacial acetic acid (Carlo Erba Reagenti, Milan, Italy)-water (65 : 20 : 15) solvent system. Components were revealed by spraying a solution of 1% ninhydrin dissolved in acetone (Carlo Erba Reagenti).
Quantitative determination of radioactivity
The gels or the TLC plates were exposed to an imaging plate radioactive energy sensor (BAS-IP.MP 2040S, Fuji Photo Film Co. Ltd, Kanagawa, Japan) and were scanned (Fujix BAS1000 IP reader, Fuji). The radiolabeled thyroglobulin bands (on gels) or [ 35 
Results
Regulation of the incorporation of sulfate residues into thyroglobulin: effects of TSH and iodide
Porcine thyroid cells were cultured with or without TSH, and with or without iodide added daily to the basal medium. They were incubated with [ 35 S]sulfate for 4 days. We measured the incorporation of radioactive sulfate into thyroglobulin secreted into the apical media. In denaturing conditions, electrophoresis of the apical media showed essentially a band of thyroglobulin subunit (330 kDa) revealed by Coomassie blue staining ( Fig. 1A) and radioactivity (Fig. 1B) . The amount of thyroglobulin secreted into the apical media by the cells stimulated by TSH was about fivefold greater than that secreted by unstimulated cells (Fig. 2a ). Iodide decreased this TSH effect, as reported previously (30) . The radioactivity of thyroglobulin bands was determined as described in Materials and methods. In the presence of TSH, the [ 35 S]sulfate radioactivity associated with thyroglobulin was about twofold greater than that in the absence of TSH ( Fig. 2b ), but was decreased by the addition of iodide. However, the corresponding specific radioactivities (d.p.m./pmol) of thyroglobulin secreted by the cells stimulated by TSH were about twofold less than that for unstimulated cells (¹TSH/+TSH=2.4 and ¹TSH+KI/+TSH+KI=1.7; Fig. 2c ). Thus, in the presence of TSH, thyroglobulin incorporated about twofold less radioactive sulfate. A significant effect of iodide on the specific radioactivity appeared only in the presence of TSH:+TSH+KI/+TSH-KI=1.4. Different stages of thyroglobulin expression have been studied for their dependence on TSH, and the maximal responses were not obtained with the same concentration of hormone for each process (26) . The usual concentration of TSH in that culture system was 100 mU/ml, added to the basolateral side of the cells; at this concentration all the effects of TSH reached a plateau. We observed that the downregulation of thyroglobulin sulfation by the hormone was already maximal with a concentration of 25 mU/ml TSH, a nearly physiological dose (data not shown).
To investigate the role of TSH on the distribution of sulfate residues in the thyroglobulin molecule, we tried first to identify sulfated oligosaccharide chains and sulfated amino acids, in order to determine their relative content.
Distribution of [ 35 S]sulfate-labeled glycopeptides and oligosaccharide chains on concanavalin A
To investigate which carbohydrate units bear sulfate groups, glycopeptides and oligosaccharide chains of thyroglobulin (respectively obtained by pronase digestion and subsequent PNG-ase F treatment) were separated on concanavalin A. The results are presented in Table 1 . The major part of the radioactivity was associated with fractions, not retained on concanavalin Thyroid cells were cultured with or without TSH (100 mU/ml) and with or without KI (0.5 mM) added daily to basal media, and labeled during 4 days with sulphur-35 (70 mCi/ml). Apical media from cells cultured without TSH (50 ml) and from cells cultured with TSH (10 ml) were analyzed using 5% (w/v) SDS-PAGE. (A) Gels stained with Coomassie blue; the band corresponds to the thyroglobulin subunit (330 kDa). Thyroglobulin standards purified from apical media of porcine cells cultured with TSH: 5 mg, 3 mg, 1 mg (lanes a to c). Apical media from cells cultured without TSH and KI (lanes 1 to 3) , cells cultured without TSH and with KI (lanes 4 to 6), cells cultured with TSH and without KI (lanes 7 to 9), and cells cultured with TSH and KI (lanes 10 to 12). (B) Gels exposed to an imaging plate radioactive energy sensor and then scanned in a Fujix BAS1000 IP reader. The radioactive band corresponds to sulfated thyroglobulin subunit (330 kDa). Culture conditions as in (A). A, that contained glycopeptides bearing multiantennary oligosaccharide units and free amino acids or small peptides. No effect of TSH was observed on this distribution. After treatment with PNG-ase F (which cuts the Asn-GlcNAc bond), the proportion of radioactivity associated with biantennary units eluted with a-methyl-glucoside became very low and had the same value for both unstimulated or TSH-stimulated cells. These observations suggest that PNG-ase F hydrolysis released sulfated amino acids or peptides probably located near the asparagine-bearing biantennary units. In all cases, no radioactivity was bound to compounds eluted by a-methyl-mannoside (polymannose moieties). Thus, relative to biantennary and polymannose units, multiantennary oligosaccharide units and peptide chain contain the major part of sulfate residues. To proceed with these studies to identify sulfated amino acids, it appeared necessary to use other techniques of analysis.
Identification and distribution of thyroglobulin sulfated components on TLC
Enzymatic (extensive treatment) or alkaline hydrolysates were purified by ion-exchange chromatography. TLC analysis of the run-through fractions showed that the major part of radioactivity from enzymatic hydrolysates did not migrate and represented essentially undigested compounds. Serine sulfate and tyrosine sulfate were present, but as traces ( Fig. 3) . No difference in the distribution of radioactivity was observed with TSH. As it has been suggested that the proportion of tyrosine sulfate is large (21) , it appeared that the extensive enzymatic digestion used was not sufficient to achieve complete hydrolysis of dipeptides or tripeptides containing tyrosine sulfate. Consequently, thyroglobulins were submitted to an alkaline treatment known to allow the detection of tyrosine sulfate (34, 35) .
We showed that tyrosine sulfate was a constituent of thyroglobulin secreted into the apical medium by cultured cells, and that serine sulfate remained in low amounts (Fig. 4A ). The proportion of tyrosine sulfate was dramatically greater in the thyroglobulin secreted by unstimulated cells ( Table 2 ). The radioactivity remaining at the origin corresponded to sulfate borne by oligosaccharide units, and the tail just beyond corresponded to released inorganic sulfate, identified by reference to the radiolabeled precursor developed on TLC (Fig. 4B) ; alkaline hydrolysis probably caused the desulfation of carbohydrates (35) . Similar results were observed when enzymatic hydrolysates were submitted to an alkaline treatment. Thus the presence of TSH in the culture medium resulted in a decrease of the binding of sulfate to thyroglobulin, especially to tyrosine. A weak effect of iodide was observed on the proportion of tyrosine sulfate in TSH-stimulated cells (Fig. 4A , Table 2 ).
Determination of the number of sulfate residues bound to thyroglobulin
Concurrently, both the amount of intracellular inorganic sulfate and the free intracellular radioactivity were measured in each culture condition (36) , in the same cells that secreted the thyroglobulin that was hydrolyzed and analyzed. The specific radioactivity of inorganic intracellular sulfate was deduced from these values (36) . The number of residues bound to thyroglobulin secreted in the absence or presence of TSH and iodide was calculated ( Table 3 ). The numbers of sulfate residues attached to amino acids and oligosaccharides were deduced (Table 3 ) from the distribution given in Table 2 . Thyroglobulin secreted in the presence of TSH contained 1.5-fold fewer sulfate residues; however, the number of tyrosine sulfate residues was sevenfold lower, whereas oligosaccharide units bore only 1.2-fold fewer sulfate residues. A slight effect of iodide appeared only in relation to the number of tyrosine sulfate residues.
Discussion
The effects of TSH and iodide on the sulfation of thyroglobulin were studied in porcine thyroid cells cultured on porous collagen-coated filters. We found that TSH decreased the binding of sulfate residues to thyroglobulin and controlled the quantitative distribution of sulfate residues between oligosaccharides and amino acids, and that, in the presence of TSH, there was a slight effect of iodide on the number of tyrosine sulfate residues.
Most of the sulfate residues were bound to multiantennary complex units of porcine thyroglobulin secreted by our cells, as we observed previously (29) . Similar data have been reported for porcine, calf, and human thyroglobulin (16) (17) (18) . We observed that, with TSH, oligosaccharide chains of porcine thyroglobulin bore 29 sulfate residues per mol thyroglobulin, probably bound to galactose and N-acetylglucosamine residues. Human thyroglobulin contains 22 sulfate residues linked to galactose, besides those linked to N-acetylglucosamine. Interestingly, by incubating thyroid slices with [ 35 S]sulfate, Spiro & Spiro (17) found a distribution of sulfated oligosaccharides of calf thyroglobulin on concanavalin A that was close to the one we observed for porcine thyroglobulin; in both, about 90% of the radioactivity was associated with the complex oligosaccharide units. Taking into consideration that porcine thyroglobulin purified from thyroid gland contains about 18 complex oligosaccharide units per mol thyroglobulin (37, 38) we thus found about 1.5 mol sulfate/mol complex oligosaccharide units. These values are close to data reported (16) for calf thyroglobulin (1.6 mol sulfate/mol oligosaccharide complex units). A controversy has emerged regarding the distribution of sulfate groups between oligosaccharide moieties and amino acid residues in thyroglobulin. After incubation of calf thyroid slices with radioactive sulfate, presence of tyrosine sulfate in thyroglobulin was not detected (17) . When porcine follicles that had been turned inside out, were labeled with radioactive sulfate, in the presence of TSH, several sulfate residues were shown to be linked to tyrosine residues (9 per mol thyroglobulin), taking into account their sensitivity to acid hydrolysis (21) . When our cells were cultured with TSH and iodide, we found 2 sulfated tyrosines per mol porcine thyroglobulin.
In our culture conditions, TSH downregulated the binding of sulfate residues to thyroglobulin, but the ratio of thyroglobulin from unstimulated cells to thyroglobulin from TSH-stimulated cells was different with respect to the specific radioactivity (ratio of 2) and the number of sulfated residues (ratio of 1.5). For the latter, the hormonal effect on the uptake, release, or both, of inorganic sulfate was not taken into account. This process is probably regulated by TSH, as was suggested (36) by the TSH effect on specific radioactivities of intracellular inorganic sulfate (-TSH/+TSH=1.4). The weak effect of iodide on thyroglobulin sulfation observed only in the presence of TSH could be related to the hormonal regulation of intracellular concentration of the two anions.
TSH differently controls linking to oligosaccharide units and to amino acids. With TSH, the number of sulfate residues bound to carbohydrates was slightly lower than that of unstimulated cells (ratio of 1.2). In our previous results (29), we found a very similar ratio (1.3). A hormonal regulation of oligosaccharide sulfation has also been observed: thyrotropin-releasing hormone decreased the incorporation of radioactive sulfate in oligosaccharide moieties of the TSH molecule (39) . Conversely, gonadotropin-releasing hormone increased the sulfation of oligosaccharide units of lutropin, as it up-regulated the incorporation of [ 3 H]mannose (40) . In porcine thyroid cells, the TSH control of thyroglobulin sulfation was more pronounced on tyrosine residues (ratio of 7) than on oligosaccharide units and serine residues (ratio of 1.5). Until now, the sulfation of tyrosine residues in thyroglobulin has not been considered to be dependent on hormonal regulation. TSH could act at different steps of thyroglobulin sulfation by modulating the level of different substrates and enzymes. The concentration of intracellular inorganic sulfate and of intermediate substrates (adenosine phosphosulfate and phosphoadenosine phosphosulfate (PAPS)), could influence the binding of sulfate residues. The capacity for sulfation is dependent either on the concentration of PAPS or on sulfotransferase activities (for review see (41) ). The specificities of sulfotransferases have been pointed out; galactose-and tyrosyl-sulfotransferases might be differently regulated. Until now, there have been no studies of tyrosyl-sulfotransferase activity in the thyroid. The level of sulfotransferases could be controlled by TSH, as in glycosyltransferase expression (30, 42) . Kato & Spiro (43) characterized a galactose 3-Osulfotransferase in calf thyroid microsomes and suggested that it could compete with sialyl-and galactosyltransferases, as these last steps of thyroglobulin maturation occur in the Golgi apparatus. It is possible that TSH downregulates sulfotransferases, whereas it upregulates glycosyltransferases. Another hypothesis could explain alterations in thyroglobulin sulfation without TSH: the conformational structure of thyroglobulin synthesized by unstimulated cells is different because it is less glycosylated (29) and maybe more slowly transported (27) , and consequently more sites could be available for sulfation.
As noted in the Introduction, there is little information on the role of sulfated residues in thyroglobulin metabolism. Sulfate groups linked to oligosaccharide chains or to tyrosine residues of thyroglobulin could take part in thyroglobulin-protein recognition, and could also have implications for the folding of the thyroglobulin molecule. Tyrosine sulfate is involved Table 3 Number of sulfate residues per mol thyroglobulin, bound to thyroglobulin (values are means Ϯ S.D; (n=10 ) or bound to components (amino acids and complex oligosaccharides) of thyroglobulin (taking into account the percentages determined in Table 2 ). Numbers were determined by the ratio of the speci®c radioactivity of thyroglobulin (Fig. 2c) to the speci®c radioactivity of intracellular inorganic sulfate (data not presented).
Number of sulfate residues Ratios
Bound to ¹TSH ¹TSHþKI þTSH þTSHþKI ¹TSH/þTSH ¹TSHþKI/þTSHþKI in activation-deactivation of biological activities of different proteins (6-9); the sulfated residues bound to tyrosines could be involved in hormonogenesis and the control of tyrosine sulfation of thyroglobulin by TSH could be related to this process. The presence of an acidic or neutral amino acid adjoining the amine side of tyrosine residue has been reported to be a necessary condition for tyrosine sulfation (44) (45) (46) . Interestingly, most of the hormonogenic sites of thyroglobulin contain an acidic amino acid in position -1 of the tyrosine residues involved in the hormone (47) , and the sequences of these sites were found to be strictly conserved in all species studied. Consequently, the tyrosine residue 'acceptor' could be a sulfated tyrosine. What role could the sulfate residue bound to tyrosine have in iodination or in the coupling reaction of iodotyrosines? Various hypotheses can be proposed.
The sulfate group may act as an agent modifying the electronic environment of the aromatic ring of the tyrosine, which could become more reactive for iodination or coupling. The sulfate group could also be a recognition signal for the enzyme or the iodotyrosine 'donor'. Indeed, it was reported recently (48) that the presence of a sulfate group linked to the residue Tyr 27 of cholecystokinin-A (CCK-A) allows an interaction of the aromatic ring of this tyrosine with the residue Met 195 of the CCK-A receptor, to position the sulfate group correctly in the binding site of the receptor. This interaction is crucial for the transition of this receptor to a high-affinity state. Given that iodination takes place with unsulfated tyrosines by in vitro iodination with thyroperoxidase (49) , and considering that the specificity of thyroglobulin is to allow the coupling of iodotyrosines and not tyrosine iodination, even in thyroid cells (50) , we are inclined to believe that sulfate residues could act as a signal for coupling in vivo. This hypothesis would be in agreement with the fact that TSH controls the number of sulfated tyrosines, and with the observation that TSH modulates both the distribution of thyroid hormones among the known hormonogenic sites and the priority of their utilization (51) . Consequently, Tyr 5 , the preferential hormonogenic site, could be part of the 2 sulfated tyrosine mols/mol thyroglobulin that we found.
Recent results suggesting that the diiodotyrosine 'inner ring' has the greatest influence on hormonogenesis (52) may support our hypothesis. We observed a slight increase in carbohydrate sulfation in the absence of TSH. In human thyroid, some authors have observed an increased incorporation of [ 35 S]sulfate in the oligosaccharide units (complex and chondroitin sulfate) of human thyroglobulin derived from nodules as compared with normal tissue (22, 23) . Recently, it was reported that gene mutations of a putative sulfate transporter occurred in Pendred syndrome (a congenital sensorineural hearing loss combined with a goiter), suggesting that sulfate metabolism could be linked to hormonogenesis (24) . Other pathologies are associated with alterations in protein sulfation that could be, not only consequences of a pathology, but also intermediate modifications that serve to spread the disorder.
